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SUMMARY

andNoahC.New

Simpleapproximatesolutionsarederivedfortherelationships
betweentherotorthrustandflight:pathvelocitycomponentsandthe
rotorbladeangle,torque,andin-planeforces.Theseapproximatesolu-
tions,basedupontheassumptionofa triangulardistributionofblade
circulationanda parabolicvariationofblade-elementprofiledragwith
lift,aresufficientlyaccurateforpreliminarycalculationsandthe
determinationof theequilibriumangleofattackaudlateraltiltof the
tip-pathplane.

A setofmoreexactblade-elementequationsisthenderivedgiving
therelationsbetweenthethrustandflight-pathvelocitycomponentsand
theequilibriumbladeangles,torque,andin-planeforcesandmoments.
Neithertheblade-elementnortheapproximatesolutionsaredependent
upontheusualapproximationsthattheinflowangleandbladeangleof
thebladeelementsaresmallangles’.Thusthepresentequationsshould

I be usefulforconvertaplaneaswellashelicoptercalculations.
I

Itappearsthatnonlinearbladetwistmaybe desirablefora con-
vertaplanerotorinorderto obtainusefulpropellerefficiencies.
Therefore,theblade-elementequationshavebeenarrangedsothatany
reasonabledistributionofbladetwistmaybe used. Also,theequations
weresetup intermsofan arbitraryblade-chorddistributionsinceit
wasfoundthattheuseoftheactualblade-chorddistributionandthe
eliminationoftheusualassumptionthatthebladeairfoilextended
inboardto theaxisofrotationlargelyeliminatedthenecessityforthe
usualreverse-flowcorrections.Tablesofthenecessaryfactorsare
includedforbladeshavinga lineartaper,lineartwist,andan airfoil
contourfrom r = 0.15R to r = R andforbladeshavinga lineartaper,
helicaltwist,andairfoilcontoursextendingfrom r = 0.20Rto r = R,,
(wherer istheradiusofthebladeelementand R, theradiusofthe
bladetip).\

.
I

b. _
.
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2 NACATN2656.

Thepresentanalysisisbaseduponthefollowingassumptions:
.

(1)Theblade-elementliftcoefficientmaybe assumedtobe pro-
$

portionaltothesineoftheblade-elementangleofattack,andthe
.

blade-elementprofile-dragcoefficientmaybe representedby thefirst
threetermsof a Fourierseriesintheblade-element’angleOfattack.
Thisimpliestheneglectofbladestalleffectsintheequations,forthe
bladeangles.Theeffectof tipstallistakenintoaccountinthe 1
equationsfortherotortorque. . I

I

(2)Thebladeaxesmaybe assumed’tobe,andtoremain,straight
lines.

(3)Thelateralandlongitudinalvariationsofthenormalcomponent
oftheinducedvelocityatthetip-pathplanemaybe assumedtobe linear. I

(4)“Theeffectsof compressibilityonthetipsectionsofthe !

advancingblademaybe neglected.

(5) Al-1ratialvelocitycomponentsandthetangentialcomponents
oftheinducedvelocitymaybe neglected.

(6)Bladetipeffectsmaybe neglected. -

A comparisonoftheresultsgivenby thepresentequationswiththe :‘.
full-scalehelicoptertestdataofNACATN X266showsgoodagreementfor ,
thehelicopterflightrangecoveredin.thatreport. \.-

INTRODUCTION

Thisproject,whichwasconductedattheGeorgiaInstituteof
TechnologyEngineeringExperimentStationunderthesponsorshipandwith
thefinancialassistanceoftheNationalAdvisoryComuitteeforAeronautics,
wasundertakeninorderto developa blade-elementanalysisforlifting
rotorsthatwouldbe usefulforconvertaplanecalculations.Thisneces-
sitatedtheeliminationoftheusualapproximationsthattheblade-element
inflowangle @ andthebladeangle 19aresmallanglesandrequireda
reasonablyexacttreatmentofthebladegeometry.

Itwasfoundthata practicalapproachtotheproblemofeliminating
thesmall-angleapproximationsfortheliftforcescouldbe obtainedby
writingtheliftcoefficientofthebladeelementas

“

1 cl= a sin~=a(sine Iv Cosfiv+ Cos@v sin@v)
.

...+..

, I/
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NACATN 2656 3

and,consequently,thethrustcomponentofforce dL cos@v ona blade
‘! elementas

1-

dLCosg~ =

( Similarly,the
expressedas

I
I.,
I

dL sin@v =

*Pa(U cos@v)~inOv(Ucos@v)+ cos19V(Usin~v~c dr
,

.
tangential,componentofthelifton a bladeelementmaybe

*pa(U sin@v)[sinOv(Ucos@v)+ cosev(Usin@vflc&

Itwasalsofoundthatthesmall-angleapproximationscouldbe largely
eliminatedfortheprofile-dragtermsby expressingtheblade-element
profile-tiagcoefficientc% as

,e Theexactbladegeometryhasbeenretainedthroughoutby expressing
theblade-chordandblade-twistdistributionintheformofthefollowing
constants: .“

J11 n-1~ “
‘“nc’~ c Cosetx

xl

and

J1 )

0 1 c sin.9txn-lns=— dxtiR
‘1

. . . . . . . . . . . . ... .. _________ ___ _r_________ -x_. ------=---.......—..—.



4 NACATN2656

where o~ isthebladetwistintheangleof zeroliftbetweenthe A
(

referencestationandnondimensionalradiusx. Valuesofthesecon-
stantsaregivenintables1 to 3 forbladeshavinglineartaper,linear ‘i
twist,and xl = 0.15 andintables1, 4,an

o
d > forbladeshavinglinear

taper,helicaltwist,and xl = 0.20.

Thepresentsystemofequationshasbeensetupwithrespecttotip-
path-planecoordinatesor coordinatesbasedonthevirtualaxisofrota- 1
tion(fig.1)ratherthantheusualcoordinatesystembasedontheplane
of zero.featheringinorderto obtainshorterexpressionsforthein-plane
rotorforcesandmoments.Theuseof coordinatesalinedwiththevirtual I
axisofrotationalsofacilitatesthetreatmentof someacceleratedflight
problems.

I
Certainrefinementsintheinduced-velocitytheory,as givenin

reference1,havebeenincorporatedwithsomeminorchangesinthe
presentequationsalongwiththenecessarytermsforan arbitraryangular
velocityofrollandpitchofthetip-pathplane. I

I

StandardNACAnomenclaturehasbeenusedwherepossible,withthe
subscriptv forvirtualaxisofrotationappendedtotheusualsymbols
which,inthispaper,havea similarmeaningbutdifferentnumerical
values.

a

a.

q)

al

NOTATION

slopeof liftcurveforbladeelementat 0.75R(perradian)

rotorconingangle

coningangleforzeroblade-rootbendingmoment

coefficientof sinecomponentofbladecyclic-pitchangle
measuredwithrespecttotip-pathplanewhere

alsocoefficientof cosinetermofFourierseriesfor
bladeflappingangle p measuredwithrespecttoplane
of zerofeatheringwhere

~=ao_ al cos$ - bl sin~ - a2 cos~ - b2 sin~ - . . .

.

——————. . —.-.— ______ ——— _______ ._ _. ._ __ .
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a2

A.

b

bl

b2

c

co

Cdo

cl

cm

Cmy

CQ

ACQ~

C*

Cx

coefficient
forblade

of second-harmoniccosineterminFourierseries
flappingangle

meanbladepitch
tip-pathplane

numberofblades

angleatreferencestation,positiveabove

inrotor

coefficientof cosinecomponentofbladecyclic-pitchangle
measuredwithrespecttothetip’-pathplane;alsocoeffi-
cientof sinetermofFourierseriesforbladeflapping
anglemeasuredwithrespecttoplaneof zerofeathering

coefficientof second-harmonicsineterminFourierseries
forbladeflappingangle

bladechordatradiusr

extendedblade-rootchordat r = O (forlineartaper)

sectionprofile-dragcoefficient

sectionliftcoefficient

rotorrolling-momentcoefficientmeasuredaboutX-axis

()

Mx
~ PYC$22R5

rotorpitching-momentcoefficientmeasuredaboutY-axis

()%~@u22R5 -

rotor“torquecoefficient
()

Q
P~2R5

incrementto CQ fromtipstallon

rotorthrustcoefficient
()*

()FxrotorX-forcecoefficient
* pfi2R4

retreatingblade

L.... _._ A .....___...__— —. .—.—— .—.—— .—________ —_ .._ ,.__________
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Cxy

CY

Cz

%

Do

EO

NACATN2656

rotor-bladetangential-forcecoeff~cient,positivein.

HFm
directionofrotation

24~ PfiOR

‘(y)F
rotorY-forcecoefficient

~ PfiS12R4

rotor-bladethrust-forcecoefficient

fuselageandwingdrag

bladeprofiledrag

($F=~ PIIS22R

meanbladedragangle,positif’eindirectionof rotationand
measuredbetweenbladeaxisandlinethroughrotoraxis
ofrotationand&iaghinge(i.e.,.bladedragangle C is
~= EO+Elcos v+ Flsin V+...)

El coefficientof
angle

F1 coefficientof

cosineterminexpressionforbladedrag

sineterminexpressionforbladedragangle

Fx componentofrotorresultantforceactingalongX-axis

‘w tangentialcomponentoftheresultantairforceonblade,
positiveindirectionofrotation

‘Y componentofrotorresultant

Fz Z componentofresultantair

g accelerationdueto gravity

forceactingalongY-axis
,

forceonblade

11 massmomentof inertiaofbladeaboutflappinghinge

Inc= %c sinA. + unsGOS~

Ins = Um”sinA. - Unccos~

(

I

4:

I

u,

.

(
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I

.

.

i-

L. . . .

NACATN 2656 ,

Iv massmoment
rotation

1~ massmoment

bladeelementc dr

bladecenterof grayity

inboardbladeairfoilelement

flappinghinge

bladetip

t = TiPchord 1 (forlinearly
co

7

of inertiaofrotoraboutvirtualaxisof

of inertiaofbladeaboutdraghinge9

kao blade-rootspringconstant(blade-rootbe&lingmomentin
foot-poundsdividedby angulardeflectioninradiansof
three-quarter-radiuspointfrom ~)

% fuselageandwinglift

Mx rotorrollingmoment

My rotorpitchingmoment

Q rotortorque,negativeindirectionofrotation

r radiusof

7 radiusof

rl radiusof
.

,r~ radiusof

R radiusof

tapered,blades)

T rotorthrust,componentofrotorresultantforcealong
Z-axis

u componentofresultantvelocityatbladeelementthatis
normaltobladeaxis

v meannormalcomponentof inducedvelocityattip-path
plane(positivedownandto rear)

v“ velocityalongflightpath

vi Z componentof inducedvelocityatradiusr andaz~th
angle$ (positiveinplus’Z-direction)

. .
w slopeof longitudinalvariationofnondimensionalindu;ed

velocity‘

.— . . . —.— ....——.——. -— . . .. —, ——.-.. ..- ..4 ——— —.. . . . . . . . . . . . . . .. —.—.



8 NACA,TN2656

w

x

x~

xl

Y

af

CLr

‘%

r

grossweightplusdo%mcomponentof any
actingon aircraft

nontiensionalbladeradius(r/R)

nondimensionalradiusoutboardofwhich
stalled

accelerationforce

retreatingbladeis

nondimensionalradiusof inboardbladeairfoilelement ~

slopeof lateralvariationofnondimensionalinducedvelocity

angleof attackof fuselagemeasuredbetweenflight-path ‘
velocityvectorandlongitudinalfuselageaxis

blade-elementangleofattackmeasuredfromlineof zero
lift

angleofattackoftip-pathplanemeasuredintheXZ-plane
betweenflight-pathvelocityvectorandtip-pathplane,
positivebelowtip-pathplane

bladeflappingangleatazimuthangle ~ (fortip-pathplane,

~v’=a. _ a2 cosw -b2sinZ5$- ...;

forplaneof zerofeathering,

B=ao-a1c-4f- blsin~- a2cos2V-b2sin 2w-..y )

circulationofbladeelementatradiusr andazimuth
angle*

constantsinexpressionfor I’where r = (ro+ rl sin$)x

valueof c~ at cl= O

constantinpowerequationfor cd

(i.e., c~ = ?50+ cc@

~o>~l)~p constantsforfirstthreetermsofFourierseriesexpressing
relationbetween

(

c% and ~
i.e., c~=60+61Sinar+ c2cOs~.

bladedragangleatazimuthangle~, positiveindirection
ofrotation

.

.

I ,

!

—— -———..—— -. ——.— ,.-— __ —— —.
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twistinzero-liftchordlinebetweenaxisofrotation
bladetipforbladeswithlineartwist,positivefor
increasedangleattip (i.e.,63t= (l-lx)

9

and

twistinrotorbladeangleof zeroliftbetweenreference
stationandradiusr,positiveforlargerangleoutboard

designhelixangleattipofbladeforbladeswithhelical
twist

pitchangleofbladeelementatradiusr andazimuth
angleV measuredbetweenzero’-liftchordlineandtip-
pathplane,positiveabovetip-pathplane -

(Ao+et- al sin~ + bl cos$)

angulardisplacementoftip-pathplaneaboutX-axisfrom
horizontal

angulardisplacementoftip-pathplaneaboutY-axisfrom
horizontal

inflowvelocityratioat centeroftip-pathplane

(Vsin~-vOR )
.4

in-planevelocityratioattip-pathplane (v c:;c%)

densityofair

*

/’
1
CR-l b constantswhichexpress

/ nl
blade-chorddistribution

ax

.

..

I

-._—___ ____ . . .. ..__- ——___ —.———-.—c — .-.. . ..—. .—. .-—— .— . —.



10 NACATN 2636

.

1Unc= —ItRf
c cos et”P-l13x

xl I constantswhichexpressblade-chordand
blade-twistdistribution

1
1

‘ns‘ = r c stietxn-ldx
YLK ox

1 J

anglebetweenflightpathandhorizontal,positivebelow
horizontal

inflowangleatbladeelementmeasuredinplaneperpen-
diculartobladeaxisandbetweentip-pathplaneand
relativewind,positivebelowtip-pathplane

azimuthangleofbladeaxismeasuredaboutZ-axisfromX-axis
(Thisw.ngleisverynearlybutnotidenticallyequalto the
equivalentangleinplaneof zerofeathering.)

r~tioofangularvelocityof
x-axisto $-l

ratioofangularvelocityof
Y-axisto Q

rolloftip-pathplaneabout

pitchoftip-pathplaneabout

meanangularvelocityofrotorbladeaxisaboutZ-axis

Allanglesareinradianmeasure.

ANALYSIS

ValueofNormalComponentof Induced

It iSshownin
composedof’a large

, by theexpression

andAzimuthAngle

VelocityatRadiusr

reference1 thatfora lightlyloadedsinglerotor
numberofbladesb eachhavinga circulationgiven

r=ro+rlsinv

1

(1)

..—— —. — -.



11NACATN2656

themeanvalue

u

ofthenormalcomponentoftheinducedvelocityis

(2)

Equation(2)wasderivedontheassumptionthat,the~ke extended
to infinityandhadtheformof a straightellipticcylinder.Thus,for
thoseflightconditionswherea ltvortexringtttypeflowexists,equ-
tion(2)isnotapplicableandthevalueof v must,atpresent,be

obtainedfromexperiment.
(

32Theterm l-–2 Vv )
in’thedenominatorof

equation(2)arisesfromthelateraldissymmetryinthebladecirculation
thatisrequiredforrolling-momentequilibrium,andthistermisthe
onlycorrectionwhichtheelementarytheorymakesinGlauertlsoriginal
hypothesisthat v = T/2pAV’,where V’ istheresultantvelocityat
thecenterof’therotor.

If thedistributionofthenormalcomponentoftheinducedvelocity
Vi overthetip-pathplaneisdenotedby a powerseriesinthenon-
dimensionalradiusx anda Fourierseriesintheazimuthangle~ such—
thatforthefirst-orderterms

,r

\’

1“

.

.

vi
—=-~+wxco.s$+yx
m

itcanbe shownfromtheresultsofreference

and

sinv (3)

1 that

(4)

(5)

Forlevelflightand pv>0.15 theexpressionfor y maybe simplified
to

Y%% (6)

.—. . .- . .———.— . . ..—.— --- _. . . _._.— __-.. .. ——.—— .—.-—-
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“Itmaybe noted
rotatingrotors,the

.

thatfora pairof
VdU.eSOf w and

NACATN2656

equallyloaded,coaxia’1,counter- r
y are

(7)
L , d

and

y=o (8)

ApproximateValuesofRotorBladeAngles,Torque,and

X-ForceandY-ForceCoefficients
.

It isconvenientforpreliminarycalculationsandcheckingandnec-
essary,inthegeneral.caseyforthede”tetinationofthea%le ofattack
andlateraltiltofthetip-pathplanetohavesimpleexpressionsofuse-
fulaccuracyfortherotortorque,X fokce,and Y forcethatare
independentoftherotorbladeangles.Onesuchsetofequationswhich
takeintoaccountalltheprincipalvariables‘includingtheprimary
effectsofthereverse-flowregionmaybe obtainedfroma consideration
ofthedistributionofthebladecirculation.Itmaybe notedbefore
proceedingthattheuseofanyradialblade-circulationdistribution
otherthantheuniformvalueassumedinthederivationoftheinduced-
velocityequationswillunderestimatetheinducedtorque.Thus,it is
theoreticallyincorrectto calculatetheinducedtorquefromblade-
elementequations.However,fortheextremecaseofa triangulardis-
tributionof circulationalongtheradiusand Pv = 0.5,theerrorin’

theinducedtorqueisonly#=percentandthusisprobablywithi.nthe

errorsofpresentequationsfortheinducedvelocity.

Forthepresentpurposesa triangulardistributionofbladecircu-
lationalongtheradiusanda sinusoidalv&riationwithazimu~hangle
is sufficientlyaccurateandwillbe used. Then

r = (r.+rl sinv)x

.,

.

.

(9)

<,

.

I

1
— — ----- .
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Writing

and

13

u cos @v=QR(x +Vv SiIl$) (lo)

U sindv=
[’

$lRXv+yxsin$+(wx - S.ovv)Cos*
I 1 (@

itfollowsforthrustand‘rolling-momentequilibriumthat

(12)

Thereferencebladeangle~ at r = 0.75R correspondingtothe
averagevalueofthe’circulationandinflowangleatthisstationand
a weightedchordmaybe obtainedfromthesubstitution’

I

or

(13).

where

(14)
L

Forlinearlytaperedbladesthevaluesof un maybe obtainedby
interpolationfromtable1.

r.

:-

.

I
L — - . . .—. .— . . . .——. — ---- -. —— -- . ----- — ..-— - . ---- ._ ~.._——- -- .———— -. - . . —- --



14 NACATN 2656

&

Thevaluesof al and bl obtainedfromthedifferencesinblade
circulationandinflowangleat r = 0.75R for ~ . fi/2~d ~ s 3Yt/2
for al and $ =Oand~=fi for blare

(15)

and

wherethevalueof ~ forbladerootmomentequilibriumon a blade
withtheflappinghingeattheaxisofrotationisapproximately

similarly

(17)

(18)

1

and

b2=0 (19)!J

Thevalueoftheblade-elementprofile-dragcoefficientmaybe
representedwithsufficientaccuracyforthepresentpurposesby two
termsina powerseriesintheblade-elementliftcoefficientC7 such
that

(20)

_.. -..—- .- —-———. ——. ——



NACATN 2656 15

whereforconventionalairfoils~ % 0.0080and.ex 0.0080.M@g
thenecessarysubstitutionsandintegrationsthevalueoftherotor
torquecoefficientis

1- 1#

, 2CT2(i‘:PV)’”4().—
2bY3 (1-PV2)2

+’AC@ fromequation(89b)(whereapplicable)

‘ (21)

Similarly,neglectingblade-shankdragwhichisasswnedtobe included
inthehelicopterparasitedrag,thevaluesof theX- andY-force
coefficientswe

Fxc~=—
1 ~2R45P

CT(2L~v- y)
=

1 - pvz

and

(1- I@?
(22)

(23)

:. Theaboveequationsbasedupona triangulardistributionofblade
I circulationalongtheradiusanda sinusoidalvariationwithazimuth

. .

L. . . —-- .—.— . .—.—.— . .
._ .—. -.. .-. .-- .-.-—--- ——

_.. . .—-.——... ——.—- -- — -..- .-—.



NACATN 2656

anglearestificientlyaccurateforpreliminarycalculations,checking,
.

andthedeterminationoftheangleofattackandlateraltiltofthe@
tip-pathplaneprovidedthereareno largeareasoftherotoroutside
thereverse-flowregionthathavebladeelementsoperatinginthestalled

.

ornegativethrustrange.Thisimpliesa reasonablebladetwistforthe
flightconditions.

Table
calculated
resultsof

Given

6 showsa comparisonof thevaluesof theparameters
fromtheabove
reference2.

Determination

circulationequationswiththe

.

ofAngleofAttackandLateral

flighttest

Tilt , I

ofTip-PathPlane

thevaluesoftheflight-pathvelocityV, climbangle @c, I

grossweightandverticalcomponentoftheinertiaforce W, fuselage
andwingdrag,lift,momentcharacteristics,andpositionof centerof I

gravity,thefuselageangleofattackandthusthefuselageandwing
lift LF anddrag ~ canbe obtiinedforthetrimconditionby
settingthesum&tionofmoments,actingonthefuselageandwingand
takenabouttherotorhub,equalto zero.Sincethelateraltiltof
thetip-pathplanehasa negligibleeffect,itfollowsfromthegeometry
of theaboveforces,as showninfigure2, that

~COS@C- ~SiII@C+)?XCOS ey
tiey=-

w- LF cos@c - @ sin@c+Fx siney.
(24)

is a goodapproximationforunacceleratedflight.Itmaybe notedthat
~ shouldincludeanallowanceforrotor-hubandblade-shankdrag. In
general,thetermsinvolvingFx willhaveonlya smalleffecton the
valueof ey anda sufficientlyexactsolutioncanbe obtainedonthe
seconditeration.Thus,asa firstapproximation,

1

— .—. —— — . .. ——_
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(25)
Dpos@c-I@inffc

tan Qy=-
w.-$cos,@c-Eysin@c -

(26)

W-$cos@c-~sin j?&
CT =

. m?R4COS ey
(27)

v Cos av
!+= ~ (28)

(29)

Thevaluesof v/SIRmaybe obtainedfromequation(2)orby double
interpolationfromtable7 whichincludestheexperimentalvaluesfor
verticaldescentfromreference3 andestimatesofthevaluesforthe
inclinedflight%mtex ring”states.Thevaluesof w, y, and Fx
canthenbe determinedfromequations(4),(5)jand(22)Yandfromthese
secondapproximationsto thevaluesof ‘Y> ~j.and ~ canbemade
fromequations(24),(26),and(28).Ifnecessary,a newvalueof CT
maythenbe obtainedfromtheequation

i’

W-~cos@c -~sin@c+Fxsiney
%=

P~%4COS ey
(30)

andthusthemoreexactvalueof “~ fromequation(29).

Forhelicoptercalculationsthefirstapproximationfor ~ is
sufficientlyaccurate,andif pv issmall(i.e.,WV< 0.15)theeffect
of Fx on ~ maybe neglectedforlevelflight.

,.

.

. . . .—— .— - –- -- . .. —. —, . . . .. - —— -— ———.—- .- .—.-... . . —.-——-——— — - - . . . . . . ..



Thetail-rotor
rotoris

NACATN 2656

thrustTT requiredfora helicopterwitha single P

TT = Q/l (31)

where t istheperpendiculardistance’betweenaxisofmainandtail
rotorsandthevalueof CQ mayhe obtainedfromequation(21).The
lateraltilt
unsccelerated

~ihereCY ‘s

by a
that

ex ofthetip-pathplanefora single-rotoraircraftin
flightiSthus ,

+%
+CQ+

ex=
%

givenbyequation(23).

(32)

ApplicationofTwo-DtiensionalAirfoilTheoryandData

toRotor-Blade-ElemsntCalculations

Two-dimensionalthin-airfoiltheorydemonstratesthat
*

cl=asina (33) “

Fora two-dimensionalcascadeofairfoils,equation(33)ismodified
\

multiplyingfunctionofthesolidity,chordspacing,andbladeangles
isverynearlyunityforaveragelifting-rotorconfigurationsas

showninreference-k.Z%us,withh-theappr~xhationtha~theradial
componentsofflowmaybe neglected,equation(33)shouldbe applicable
forblade-elementrotortheoryovertheunstalledrangeofblade-element
anglesofattack.Beyondthestall,equation(33)issomewhatlessin
etrorthantheusualrelationcl= u as canbe seenfromfigure3
whichisa plotoftheaboveexpressionsandtheexperimentalvaluesof
c1 againsta foranNACA0015airfoil.Theuseofequation(33),

= au,allowsthethrustandratherthantheusualapproximationthat Cz .
tangentialcomponentsof liftona bladeelementtobe exactlyexpressed,
withintheapproximationsinvolvedinneglectingradialcomponentsof
theflow,intermsoftheeasilyintegratedin-planeandnormalcomponents
ofthevelocityatthebladeelementu Cos@v and U sin@v. Thusthe
usualapproximationthattheinflowangle @v isa smallanglemaybe
eliminated.Thismaybe demonstratedasfollows: ‘

.

\

. —.————-z.— —— —-— ———- ..—— -——-. . —
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Omittingthenegligiblecomponentoftheprofiledrag,thethrust@l!
ona bladeelementCtiis

dT = ~ PU2CCZCosflvdr (34)

or since

c1 (=asin~=asinev Cos@v+ Cos6V Sfnflv) (35)

d+ pac(ucos@v)[sinev(ucos@v)+ cos%(us~%)l dr (36)

,

Thetangentialcomponentoftheliftona bladeelementmaybe similarly
expressedas

al sin@v=*pac(U sin@v)~inOv(Ucos@v)+cos6v(Usin@v~ dr (37)

Thevalueoftheslopeoftheliftcurve a oftheblade-eleqentair-
foilintheaboverelationsmaybe takenasthevaluecorrespondingto
theReynoldsnu.niber,Machnumber,andsurfaceroughnessexistingatthe
three-quarter-radiuspointoftherotorbladesunderconsideration.For
theusualtipspeeds,inthe500-foot-per-secondrange,thePrandtl-
GlauertMachnumbercorrection I

a=i+
where

(38)

at lowMachnumberlift-curveslopefromtwo-dimensional
wind-tumneltests

M free-streamMachnumberatthree-quarterblade
radius

maybe usedto correctthelift-curveslopefromlowMachnumberdata.

Thevaluesof c~
at appropriateReynolds

I
1-

obtainedfromtwo-dimensionalwind-tunneltests
numbersandmodelsurfaceroughnessshouldbe

. -- . . .. ..— . ..- .-— —— —.——..__ — ,....-. — .—-——— .——. . — .-— -
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directly
rangeof
fordrag

applicableto rotor-blade-elementcalculationsintheunstalled h
anglesof attackbelowtheMachnumbersandanglesof attack
divergence,sincetheeffectof subsonicMachnumberonprofile

dragisnegligibleas showninreference5. However,it shouldbe noted
thattheprofile-dragcoefficientisonlyconstantwithchangeof sub-
sonicMachnumberif itistakenas a functionoftheliftcoefficient.
If theairfoilsectiondataareplottedagainstsectionangleofattack
and.thePrandtl-Glauertcorrectionisappliedtothelift-curveslope,
thisise uivalenttomultiplyingthesection-angle-of-attackscaleby

7(1-M2)12. Consequently,thesection-angle-of-attackscaleonthe

profile-dragcurvemustbe multipliedby(1- M2)1/2toretainthe
samerelationbetweenc~ and Cz.

Inviewoftheerrorsinthemagnitudeanddistributionoftheblade
circulationthatarisefromthenecessaryneglectofbladedeflections,
andsoforth,it isprobablynotjustifiabletotakeintoaccountsec-
ondaryeffectsoftheprofiledrag. Thus,expressingtherelationbetlreen
theprofile-dragcoefficientandtheblade-elementangleofattackby the
firstthreetermsofa Fourierseriesgives

(39)

Theconstantsintheaboveequationmaybe evaluatedfromthetwo-
dimensiohalwind-tueldataforthebladeairfoilat,say, a = 00,so,
and10°. Theadvantagesofequation(39)overtheusualexpression

are:’Thelasttwotermsofequation-(39)canbe exactlyexpressedin
theknownvelocitycomponentsu Cos@v and U sin@v;therestiti~
expressionsfortheforcesandmomentsonthebladeareconsiderably
simplifiedby theabsenceofthesqusredtermin ~; andit isan
equallyaccurateapproximationto theexperimentalvalue;of Cu as
maybe seenfromfigure4. However,inusingequation(39)itmaYbe
notedthatthecalculatedvalueof CG isthesmalldifferencebetween
largequantitiesandthusthevaluesof ~())61,and e2 shouldbe.
determinedto fourplacesinorderto obtainthevalueof c% to the
customaryaccuracy.Forthemoresevereconvertaplaneflightconditions
wheretheinflowvelocityislarge(]~1> 0.10)a certainefiorarises
inthetreatmentofthe co terms,andit isnecessarytofallbackon

.

L... — -— — —. —. —. — .—. —— .— —.— — -- . . — .—



MCA m 2656

.

I

,

thetwo-termapproximationfor c%,
where

c&=c@.ll++6~cos~,
61 and 62 areevaluatedfromtheexperimentaldataat,say,

a = 2° and a = 70.,Thisadditional+approx-tionispermissiblefor
theseflightconditions,sincetherelativeeffectsoftheprofiledrag
becomelessimportantastheitilowvelocitiesandrotorbladeangles
increase.Forexample,inpropellercalculationsthesingle-point
approximationc% = Ecl isusuallyused.

Itfollowsfromthegeomet~andequations(35)and(39)thatthe
tangentialcomponentoftheprofiledragona bladeelement.maybe
expressed”as

dDocm fiv=$P
{

C(uCos@v) ~ou+

.

[
62(uCos@v)Cosev - 1}(Usinj&)sinev dr (40)

,.
,, .

Thrustof a BladeatAzimuthAngle V
I ,,
I ThethrustFz of a bladeatazimuthanglew is

,

h=$Pa~;C(UCOSh)~ ‘ ]u cos @v) sti ev + (U.sin@v)cosev dr

(41)
where rl istheradiusoftheinboardbladeairfoilelement.Inthe

generalcaseitfollows”fromthegeometrythatI

(42)

and

usti~v=~rb+ (wx+~x-aouv) COSV+ (Y,-~)x Sin$+
L

2b2xCOS2~ - 2a#x’sin21j ‘-. (43)

,,
-- -- —.—..—. . .. . ... . . .. . ——. —...-— ..-.—— .-. ------ ——— —-. —..— -— --—---
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where .

% ratioofangularvelocityof
x-axisto Q

9 ratioofangularvelocityof
Y-axisto Q

rolloftip-pathplaneabout

pitchoftip-pathplaneabout

Neglectingtheh.igher.hamonicsofthecyclicpitchthatmayarisefrom
control-systemlinkages,thepitchangle 13vof a bladeelementat
radiusr andaximuthangle t,measuredwithrespecttothetip-path
plane,is

ev = ~+et- alsin~+blcos~ (44)

where

AO meanbladepitchangleatreferencestation

et twistinrotorbladeangleof zeroliftbetweenreference
stationandradiusr

al minusthecoefficientof sinecomponentofbladecyclic-
pitchanglemeasuredwithrespecttotip-pathplane

bl coefficientof cosinecomponentof cyclic-pitchangle
measuredwithrespecttotip-pathplane

Inthegeneralcase(i.e.,fortheconvertaplane)AO and et
maynotbe smallangles”.However,itappearsthatthemagrdtudeofthe
cyclic-pitchanglewillalwaysbe limitedbytipstallontheretreating
bladetotherangewhereit isa goodapproximationthat

and

Cos( )-alsfi~+blcos~ =1

(45)

(46)

I
.

,.,
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.

Itfollowsfromequation(~), uponexpandingthefunctionssin13v
and cos(3V,that

.

sinev = [ ()SiII~ + cosAo(-al.sinv + bl cosVU Coset+

!

t

(47)

Cos(3V=
[
cosA. -finA~(-alstiv+blcos$ flCoset -

.

[ ( ]sinAo+ cos~)(al sin$ + bl cos~ sinet (4a)

Substitutingthevaluesof U cos~, U sin@v, sinGv,and cosf3v
fromequationk(42),(43),(47),and(~) inequation(41),defining

J1- .lcxn-lanc= --’& Cosetax
‘1

J11
IYns = --@ c#-lsinQtdx

xl

Inc = uncsinA. + unscosAo

(49)

(50)

(51)

Im = Unssin~ - UnccosA. (52)

multiplyingout-theterms,andreducingthefunctionsof ~ to
Fz

harmonicformgiveforthethrustcoefficientCz= ofone
~ Pfii12R4

bladeat anazimuthangle V theexpressionofequation(53):

—.——. —-–- -. ——.—-—-.. ...- ---- -.— -—-—— —.—. .- .-—-..—---
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Bin *

fiinW

008 2*

-qal - y + Uq -

%(%+”+%)

-*.l(W+CTJ -

$%b - %)

12c I %!2

*I.. (5:

13s %S ha

I I

-2w - elb2(y- q) + -(al+ aob1b2)p;+

qb2(w + ~) *(Y- %)%
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Equation(53)iswrittenintabularformwherethecoefficientsin
boxesmustbe multipliedby rowandcolymnheads.Valuesof ~c

% may be obtainedby interpolation
taperedandtwistedblades,where

and

co

t=

(31

c = co(l+ tx) from

fromtables2

x = 0.15 to

ao.!3J ‘
)

25

the
and

and3 forlinearly

X.1 (54)

/ (55)

(56)

extendedblade-rootchordat r = O
.

Tipchord-1
co

twistinangleofblade,zeroliftbetweenaxisofrotation
andtip

Inordertousethetabulatedvaluesof (yncand Uns forbladeswith
lineartwistandtaper,itisnecessaryto takethereferenceblade
pitchangleA. attheextendedblade-rootchord co at r =x = O.

Theuseofthelowerlimitxl = 0.15 inthecomputationsforthe
bladeshavinglineartaperandtwistcorrespondstopresentpractice
andlargelyeliminatesthenecessityofmakinganyreverse-flowcorrec-
tiontothebladethrust.Thereverse-floweffects’arediscussedinthe
followingsection.

Additionaltables(tables4 and5) givethevaluesof,an= and Uns
forbladeshavinglineartaperfrom xl = 0.20 to
twistwhere

()tan~et = tan-l x.

x . 1 andhelical

.

(57)

.-. .—— —
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and eT isthedesignhelixangleat x = 1. Inthiscase,therefer-
encestationfor A. istakenatthebladetip. Thetablesforhelical
twistareincludedforconvertaplaneusagesincehelicaltwistwould
appeartobe desirablefora reasonablepropellerefficiency.An inner
limitof xl = 0.20 wasusedforthecomputationofthevaluesof
‘nc and am forthiscaseofhelicaltwistinordertominimizethe
severerootstalllikelyto occurundersomeconvertaplaneflightcon-
ditions.Itmightbe pointedoutthathelicaltwistwouldalsoappear
to affordan in&easein helicopter-rotorperformance
ablewithlineartwist.

Reverse-FlowConsiderations

overthato~~ain-

Fornormalhelicopterandconvertapl.ane’flightconditions’where
thereisa downflowthroughtherotorand @v isnegativeoverthe
reverse-flowregion,themaximumvalueof Wv islimitedforconven-
tionalrotorsto relativelylowvaluesoftheorderof 0.30by tipstall
ontheretreatingblades.Undertheseconditionstheportionofthe
retreatingbladeextendinginboardfromtheouteredgeofthereverse-
flowregionat x = -pvsin~, wherethein-planeco~onentofvelocity
is zero,to ‘x= X1,wherethebladeairfoilsectionends,hasa neg-
ligiblethrustloadingbecausethein-planecomponentsof velocityare
verysmall.Thepresentequationstakeintoaccountthefactthatthe
bladeairfoildoesnotexistinboardof x = xl,forwhichregionthe
thein-planecomponentsof velocityarelarger,withinthereverse-flow
circle,andpreviousequationserredinassumihgthebladeairfoilto
exist.

.

Forthoseflightconditionswherethereisanupflowthroughthe
rotorandthetip-stalllimitationson pv arerelaxed,thepresent
equationsgivetheproperdirectiontotheblade-elementthrustfor
thosebladeelementswithinthereverse-flowregionandinsidetheradius
where @v z 2t3v.

Thus,forallpracticalpurposes,it isnotnecessarytousereverse-
flowcorrectionswhenapplyingthepresentequationsto conventionalrotors.

Forunconventionalrotorsoperatingwithnetdownflowat largevalues
of pv itwouldappearfromstripanalysistobe desirableandevennec-
essarytominimizetheforcesinthereverse-flowregionby usinga suf-

.
ficientlylargedesignvalueof xl,forexample,xl>~pvm=. In

thiscaselesserroriaintroducedby takingintoaccounttheinboard
bladeairfoillimitandomittingtheusualreverse-flowcorrectionthan
viceversa.

.. . .—..
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MeanRotorThrust

Omittingthecoefficientsofthesecond-harmonicflappingangle
whichhavea negligibleeffectonthemean
themeanrotorthrustcoefficientobtained
tion(53)by averagingthevalueOf CZ/a
$=oto$= 2JCisgivenby

rotorthrust,thevalueof
fromthefirstrowofequa-
overtheintervalfrom

~= ~ + +.1(Y - %)- *+ +%j+,c+$w$%c+

(58)

MeanRotorAirRollingMoment

Thevalueofthemeanrotorair-rolling-momentcoefficientabout
theX-axis

isfound,uponintegration,tobe obtainedbymultiplyingthesecondrow
ofequation(53)by ~b andintroducingthemomentarmbywritingthe

subscriptsof Inc and Ins to onehigherorder.Thus,

~a b pV212c401 + (a - .(Y+ %)14S+ &WV - %) PV%s (59)

.

MeanRotorAirPitchingMoment

Similarly,themeanrotorair-pitching-momentcoefficient

c %
my=l~ Pti2R5

. . . . ..-.— ,-— —-—- --—-—-- — ——— — ———.—-——-— .-. .— . ..——-.-.— .- - -- .—.—
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obtainedfromthethirdrowofe&ation(53)is

NACATN2656

.

~aoa1vv212c+(bl+ w+~)14s - a&v13s+~blvv212s
(60)

MeanBlade-RootAirMoment

Thecoefficient~ oftheblade-rootairmoment~ ismerely

thefirstrowofequation(53)~th the I ‘actors‘0 ‘ne‘@er ‘ub-
script.Thus,for

c %
mo’1

~ Pd12R5

EquilibriumValuesofMean

andRolling

RotorPitchingMoment

Moment \

.
+

(61)

.

If anexternalmomentMl isappliedto a singlerotorwiththree
ormorebladesabouta diamet=r,axis1,thedifferentialequationsof
motionaboutaxis1 at V =$1 andaxis2at $ =*1+ 90° canbe shown
by theuseofNerls equationstobe “

.

.—— . .
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and

29

.

,,

.

.1d-w k~ ~
2 at fuq+-=

Iv
. .

(63)

where ~ and up aretheangularvelocitiesofthetip-pathplane
aboutaxes1 and2,respectively,kl~ and k~ arethedamping
moments,and ~ isthemassmment of inertiaoft~otor aboutthe
virtualaxisofrotation.Thegeneralsolutionofequations(62)
and(63)is a pairofeq~tionsoftheform

for
For

Intheactual
anarticulated
example,fora

case,dampingofthenutationappearstobe veryrapid
rotor.Also,forpilot-controlledmotion,k2% O.
constantcontrolmomentMl, k2 = O, and kl = 2QIV,

whichisthenthevalueof kl forcriticaldamping,itfollowsthat

2M~t
q. e-xlt (65)

Iv

or

(66)

It canbe seenfromequations(65)and(66)thatthetransientsdecay
veryrapidlyandtheireffectscanbe neglectedinmostproblems.There-
fore,to a goodapproximationfora singlerotor

.

(67)

(68) ,

.- . . - . . . . . . .. . . —— -.. — ..—-. ..,..—— _——. —-——..— —. —. _ -——— --———.- - - -
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-where~ and ~ areanymomentstransmittedabouttheX- andY-axes “
fromthefuselage

For
sec

steadybanked
ex. Also

totherotor.Forsteadystraightandlevelflight

.%=9=0 ‘(69) “

turnsthevalueof ~ canbe takenproportionalto

and

g sinextanex
%’ VSl

(71)

where ex istheequilibriumlateral-tiltangleofthetip-pathplane
(approx&telyequalto equilibriumangleofbank,~ositiwforturns
indirectionofrotorrotation)..

Foranycurvatureof~heflightpath,thenondtiensionalcompon-
ents ~ and ~ ofthespatialangularvelocityoftheaircraftmay
be calculatedand,consequently,theapproximateequilibriumvaluesof
Mx and ~ canbeobtainedfromequations(67)and(68).

ApproximateSolutionforEquilibriumValuesofMeanReference

BladeAngle ~, LateralandLongitudinalComponentsof

CyclicPitch al and bl,andConingAngle a.

Ar.iapproximatesolutionofthesetoffournonlinear,transcendental
equations(58),(59),(6o),and(61)forthefourunknownsAo, -al,ao,
and bl thatissufficientlyaccurateformoststeady-flighthelicopter
workandusefulasa firsttrialforsteady-flightconvertaplanecalcula-
tionsmaybe obtainedasfollows:Settingthesmalltermsand ~, ~,
and & equalto zeroand cosAo = 1 inequations(58)and(59)and
eliminatingal gives

(?a - “3s-%32C)(”~+?”~2”2c-~”3s)+’~2”2c(2”3s+~”2c) ;72,

(U3C+i b2ulc-..%U2S)(
u~ + ~ 1.1v%2c-4 W3S) - +2U2CU3C

.

i

— —-——..— -— -. —. —
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,,

,-

Thenjfromequation(59)for ~ =u&= ~ = O

2PJ3C-Y14~- @J2~
al=-

( )
(73)

h+; YW3c + I& + $ 1.LV212B

Let ~ be thedesignconingangleforthegeneralcaseof semirigid
blades(i.e.,coningangleforzeroblade-rootbendingmoment).Let
‘ao be thespringconstantofthebladeforangulardeflectionsofthe
three-quarter-radiuspointfrom ‘~. Thensettingthesummationof
momentsaboutthebladerootequalto zero,andsolvingfor ~, the
coningangle=t thethree-quarter-radiuspoint,

(74)

where

MB massofblade-

F radiusofbladecenterof~avity

‘1, massmomentof inertiaofbladeaboutflappinghinge
A

(orroot)

(
Ifthebladeshavea flappinghingeattheaxisofrotation

Iftheflappinghingeislocatedatradius r~ fromtheaxis

Ko = kao= O.

ofrotation,

eqwtion(60)thatfor

aow3s - W14Sbl~
V3C + 14s+ ~ %’212S

(75)

,,

.--. — -. ._—.— — .. .s—.— — —-—... —. .—-— ..—- -- —— . . . . — — — .-
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Forthosesteady,unacceleratedflightconditionswhere cosAO s 1,the w
abovesolutionsaresufficientlyaccurateandmaybe usedto~alculate
thebladeloadingsandrotortorque,X force,and Y force. *

l’Exact’lSolutionfor ~, al,and bl forAcceleratedFlight

ConditionsandThoseFlightConditionswhere CosAo + 1

A reasonablyrapidandsufficientlyaccuratesolutionofthe“exact”
equilibriumequationsgivenbythefirstthreerowsofequation(.53)can
be obtainedbyusinganapproximatevaluefortheconingangle a. such
asthatgivenbyequation(17)or (74).

Thenfortheapproximatevalueof ~ givenby equation(72)and,
forexample,twoothervaluesseveraldegreessuccessivelysmaller,the
‘exact”correspondingvaluesof al and bl canbe detemhinedby

rewritingtheequilibriumequationsfortherotorpitchingandrolling
momentsintheform

2CW‘Aal+Bbl=P-T

2cm
Cal+Dbl=R+~

1

and

where

B = -A.#3c- ~(Y: U@I@3c-II& -’:1.LV212S
f

c =kJ;c+;(Y- %)~#3c + % +&&2s

D= - & + Q%J3C +; %b212c

p= (w+5)14S - a@@3s

...
R = -2P#3c+ (Y- %)14s + %V12S

(76)
.!

#,

(77)
!

(78)

(79)

(80)

(81)
#

(82) .

— ——— — - -- .— — —-___ _ _.
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Then

and

\

(P_3?# B

(R+*) ,
A B

c D

?

.’A (,-~) .

c (’+%9
bl .

I A B

c D

.

.
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(83) .

(84)

Havingcomputedthevaluesof al and -bl foreachoftheassumed

ValUeSOf Ao)thecorrespondingvaluesof ~ maybe foundfromthe ‘\
equationforthethrustequilibriumwhere

2GJJ“—=
ab

[
* %@2c - ~(w+ %)13J% (85)

Thenplottingthevaluesof 2CT/ab, al,and bl ~ainstthetrialvalues
of Ao,the‘texactttvalueof ~, andthus al and bl,maybe o%tained
fromtheplotatthedesignor desiredvalueof ~. -

.
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34

ona

NACA~ 2656

In-PlaneComponentofForce ‘w on a Blade

atAzimuthAngle $

Thein-planecomponentofforceinthedirectionofrotation‘w
btideat azimuthangZe~ isfromequations(37)and(40)

R

‘w =~pa J( c U s~ @v)[sinGV(UCOS@v)+ cos
rl

%(u’@vjl dr -

( [ ev(ucos@v)-stiev(u.in@v)*co’(3Vu sin@v)]+ q Cos 1}
(86)

where

cu=cO+61sinar +C2cos ~ *

Then,by (1)substitutingthepreviouslyevaluatedexpressionsfor -,
U cos@v) U ‘in@v’>sin6V,and cos6V givenby equations(42),(43),
(47),and(48);(2)neglectingtheeffectsof second-harmonicflapping;
and(3)writing(~oU)(Ucos@v)as ~o(Ucosf&)2(U/U
expanding

u .{=u Cos@v

CO’ @v) and

by thebinomialtheoremanddroppingthirdandhigherterms,theexpres-
sionfortheconstantandfirst-harmonictermsbecomes

.

—. . . — —-— ..—— . _ _._. __.
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RotorTorque

37

Theeffectsof tipstallattfiehighervaluesof WV and CT/a3
On CQ arelargeandmaybe approximatelyevaluatedforhigh-speed
flightwhere Xv isnegative,asfollows:Theretreatingbladewill
be stalledoutboardofthenondimensionalradius(for Xv_negative)

Xs =

(c2Wy+tan~- Ao-a~-A9-J

(89a)

whereA6t istheaerodynamicbladetwistbetweenthereferencestation
andthetip. Assuminga jumpof0.08inthevalueof cd-oatthe,S~l
andthattherotorareawithinwhich’bladestallexistsisa’segmentof
minimumradiusxs andsymmetricaboutv = 3n/2,theincrement.ACQ~
tO CQ duetotipstallisapproximately

(89b)

&

(If Xs<pv or xS>l equation(8%) isnotapplicableand

‘Q~ = O.) Then

3= -(Constmtternsof CW withsubscriptsn on un, In=,~d
b

2ACQ6
Ins increasedto n + 1) + — ~

b (W

.

Forsteady-statecalculationsequation(90a)maybe reducedto

. _~ ——-.. . . . -...--—-.-. — -. -—---- -—— —--- .—-– --—-—— —-- -—. ——.-—
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!Y2ZA+B2.E+
b(l- VV2) b

&f--v)1Z+pvbz +
2

w-v)l%12c+ (all%- %)13J +

[ ( )~2 (alwv- %)13c - 1- ~ %W 14s- ~ %b1Pv13s-

1$@-v+I&J%
Rotor X Force

ThevalueoftherotorX-forcecoefficientCx is ‘

(9U
.

However,the,~eaterpartof Cx arisingfromthelateralvariationin
bladecirculationisa smalldifferencebetweenlargequantitieswhich
areprincipallyfunctionsof al and ~. Itfollowsthatthispartof
Cy ismoreaccuratelyobtainedfromthecirculationequationsthanfrom-.
theblade-elementequatioris.~Thusforsteady-statesolutions

The

[
G1 (alb+ 21.LV)12C+ (al- (3Y)13s+ ~ al~V )1

- h PvIIS

.

[
62 (al-

(
2

-) 1-(2jJv+ alk)12sYD3C + ~ alPv- AvWVIIC
.

Rotor Y Force

valueoftherotorY-forcecoefficientis

~= Cosinetemnsof CW

r

— .- ———— —. . . . .

+

(92)

(93)

.
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.
.

As intheexpressionfor Cx’theabove,valueof Cy givenby theblade-
elementequationisa smalldifferencebetweenlarge‘quantitiesandthe
resultforsteady-stateflightismoreaccurately‘obtainedfromthe
circulationexpression

(94)

Second-HarmonicFlapping

Againletting~ be thespringconstantrelatingtheblade-root
bendingmomentinfoot-poundstotheangulardeflectioninradiansof the
three-quarter-radiuspointofthebladesfromtheunstressedposition,
itfollowsthatthemagnitudeofthecosinecomponentoft%esecond
harmonicof thebladeflappingangleis

Similarlythemagnitudeofthesinecomponentis

L+JMb22—
1 -KM ‘

(95)
I

(96)

where

J (termsnotinvolvingb2 inthe cos2$ rowofthrustequa-

tion(53)withthe I factorschangedto onehighersub-

()

$P flS?R5a
scrip$x

31@2 - *

K

L

(coefficientsof b2 inthe cos2* rowofthrustequs-
tion(53)withthe I factorschangedto onehigher

1)(~p&R5a
subscriptx

31~$12- kq)

(termsnotinvolvinga2 in
equation(53)withthe I

‘(+p~2R5asubscriptx
311Q2- ~ )

the sin2W rowofthrust
factors.changedto onehigher

. — . . . . —- ——- .—— .. ..-— —-..—-— ——— ——. ——. -.—-— —— —-. -- ———
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M (coefficientsof a2 inthe sin3 rowofthrust

eauation(5’3)withthe I factorsc~ngedto one~gher

Forsteady-stateflightconditions

2656

where ~ = ~ = O theexpres-

sionsforthefactorsJ, K) L, and M maybe simplifiedto

.

K%
~ Pmd22R5

()-214s311$22- ‘ao
(98)

+ pI-(aQ2R5
LX

[
-~llk

311$22-~.
2 1 V%12C -(~,+ :w)”v13s+*;~:12s , ‘“)1

and 11 isthemass
hinge.

+P fiaf12F$
MS ()214s

(100)
311Q2-kao

momentof inertiaofthebladeabouttheflapping

that ~. =Itmaybe noted

at theaxi~ofrotation.Ifthe
then

‘a~

O for,bladeshavinga flappinghinge

flappinghingeislocatedatradiusrP ~

.

●

-1

I

—
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.

Amplitudeof ConstantandFirst-Harmon;cComponentsof

.

.

.

lagAnglesh UnacceleratedFlight

Foranarticulatedrotorhavinglaghingesnormaltotheplaneof
rotationandlocatedata’smallTadiuse theequilibriumbladelag
angle‘o b

; D-clip
[ ~ fromequa‘o = 1tion(90)- (101)

Mel-~
(( )

b
0.7R

where M
c

isthemassmomentofthebladeaboutthelaghinge.

Similarlythecoefficientsofthecosineand
lagangleare

~Pfi~~ - 2~b@~
‘1% Me-I

cc

and

betweenthetip-pathplaneandthehubplane.For
thevaluesof a~ and b= areapproximately

sinecomponentsofthe

(102)

(103)

componentsoftheangle

unaccelerated

.

where ‘Xf istheequilibriumlateraltiltofthefuselage.

flight

(104) “

(105)

-. . .. —-.—- — .—— .-—.-—..-. ——— _—_-_-_. ._.-.. —— .-——— ..-..-—--- -—-—-- . ._-.
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.
Also

lC massmomentof inertiaof a bladeaboutlaghinge

EC . coefficientof cos~ inequation(88)for CW withsub-
scriptsof I factorschangedfrom n to n + I;approxi-
matevaluefromcirculationequationsis

( )2-CC2W - a@lv

E~=*
(106)

‘c coefficientof sin~ inequation(88)for C= withsub-

F=
c

scriptsof I factorschangedfrom n to n “+1;approxi-
matevaluefromcirculationequa~ionsis

(
2@y.

)
~ L+v o.085~2p~4

0.008(2PV+ Y&)a3 +
b(l- p#) - %32(1 - UV’2)2

(107)

Two-bladedrotor.-The
bladedrotoris

For ~ =
amplitude

ACT
— = Fourtha

ThrustUnbalance

second-harmonicvariationin ~ fora two-

+ fifthrowsof equation(53)

9 = O andsteady-stateconditions,theequation
maybe simplifiedto

(108)

forthe

.

+

(109)
.

1(

. — . . . . . . ..— . . - ———— .—— —.
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.

Three-bladedrotor.-Thethird-harmonicvariationin ~ fora
three-bladedrotorisapproximately

2ACT
%Sixth+ seventhrowsofequation(53”). (110)

2.
Ja

orfor ~=~ = O theamplitude

24G 1, .

isapproximately

43

(ill)

An Independence-of-Blade-ElementAnalysisforHovering,

VerticalAscent,andConvertaplanePropellerCondition

TheuseoftherelationCZ= a sincc permitsa considerable
‘simplificationoftheequationsresultingfromtheassumptionofthe .
independenceofbladeelements.As theexactpropellersolutionsof
Betz,Goldstein,andTheodorsenarenotapplicableto a liftingrotor
at zeroor smalladvanceratios,a simpleanalysisoftheindependence

. ofbladeelementsmaybeuseful.

FrommomentumconsiderationsthethrustW? on an anmihmofthe
rotordisk 2fldr isrelatedtotheinducedvelocityVi at therotor
elementby theexpression

dT
43rprdr

= Vi(vi+ v ‘sinuJ

.
But

Vi+Vsin~=Usin@v

Thus

dT”
kfiprdr‘ (U sin@v)(Usin@v - V sin~)

,“

(112)
,

(1-13)

(U4)

. - . ———-—-—---— —--- ---- .— —- -.. -—. - . . ————-—--—--- — -- --- - —
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Thethrust oftheannulusisalso
portionsofthebladeswithinthe

where

Thus

dT= ~ pab(U

Substitutingthe
u sin@v

-1

MACATM2656

.
e“qualtothethrustactingonthe
annuluswhichis

.

0 = ~ PbU2ccZ COS$V dr (2i5)

(asin~=asin Qv COS @v + cos ev sin @v) (116)

Cos @v)~inqu Cos

above

u sin@v

SIR ‘

where

values‘of dT

.

(~+abar
2 16 Cos

1@v)+ Cos%(U sinfirc ~ (117)

inequation(114)andsolvingfor

)ev - “

{(Va‘ abur
)
2 abor

2‘+ 16 Cosev + —8
x ,sinev

.’1

(KL8)

vsin~
‘a.= QR (119)

c
‘r=~ (120)

\

Thenfromeq’UatiOn(117)

2CT 1
—=

JL
Xsinev+

r::’v)cosei”~ti ~
(121) -

ab
‘1

I
..——.— ..
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.

.

1.

.

U sin~
wherethevalueof

m
at m isgivenby equation(u8).

Similarly,fromblade-elementconsiderations

J1 c%

sin q-
[

x SiII e-v +

xl
(u‘: @“)CL 6+X2dx

wherethevaluesof ‘do
SiIl Ur

ar forthebladeairfoilat

(122)

Cdoareobtainedfroma plotof * ~r against

~=ev+

If itisnecessarytotake

valuesof ~r givenby therelation

(1-23)

intoaccount’therotationoftheslip-
streamforlargeratesofverticalascentorthepropellercondition,
thismaybe accomplishedto a firstapproximationby usingan effec- ,
tive Q, Sle,ineverycasewhere

I
,e=,(l+) (124)

Thegeometryoftheaboveequations.isexactandtheyareconvenient
forgraphicalornumericalintegrationonacCO~toftherepetitionQf
factors. .

Neglectingtheinducedradialandtangentialvelocitycomponents,
theoptimumblade-angledistributionforminimuminducedpoweranda
“givenblade-chorddistributionandnondimensionaxialflight-path

u sinJvelocityva maybe obtained’bysetting flRv equaltotheconstant

.

L_ —...- —.— --- ..--..-—— -— . . _—..._ —-... . ..-. — —-—. .———— . .. . ——. . .
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.1

where

abUr
‘=8.

and

(126)

(127)

Theopt- chorddistributionfora givendesiredconstantvalueof Cz
alongthebladeandthesamerestrictionsis

8%(%- ‘a)
“r= bcZ-

Forthisoptimumchorddistribution,theoptimmdistributionof Gv
reducesto

xcz
sin19v=

av

li-
\ c,2X2

(128)

.

(129)

Forcalculationswheretheflight-pathvelocityandequilibrium
valueof ~ arehewn or canbe estimated,thefollowingprocedure
maybe followed:

(1)Calculateandplottheradial

(2)Calculatetheeffectivevalue

distributionof ar

of ~ and Va where

%e=%(&)2 ~

‘ae
()
Q=Vaz

——— ——.-— —---- --- — —..
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“
(3)Calculatethe

whichfortheseflight
.

47

approximatevalueof ~ fromequation(72)
conditionsreducesto

sinAOx (
2@e—- rs3s- L&cah )

(“3.-V“2S)

(4)Calculateandplottheradialdistributionof 13v=~+ Ot
forthevalueof ~ obtainedunderitem(3)andtwolowervaluesat
increwntsof severalde~ees

(5)Calculateandplottheradialdistributionof U sin&/,,eR

I fortheabovedistributionof 13vfromequation(118)usingQ =Qe
throughout

(6)Calculateandplottheradialdistributionoftheintegrand
of equation(121)forthethreevaluesof.A. and~aphicallyor
numericallyintegrateforthevaluesof 2@e/ab correspondingtothe
threevalues.ofA.

(7)Obtainthecorrect,valueof A. froma plotof ~e againstAO .
.

(8)Calculateandplottheradialdistributionoftheintegrandof “
equation(122)forthethreevaluesof ~ andgraphicallyornumerically
integrateforthevaluesof 2Cd

b correspondingto thet~ee values
.

of A.

(9)Obtainthe
of AQ froma plot

(10)Calculate

equilibriumvalueof C% attheequilibriumvalue
of C~ againstA.

fle2
theequilibriumvalueof CQ ()

.C%T

.

.

ComparisonofExperimentalandCalculatedValuesofParameters

Table6 showsa comparisonoftheexperimentaldataofreference2
forthoserunswhere ~ % 0.00545withthevaluescalculatedby the
approximateblade-elementequationsofthisreport.Theblade-element
lift-curveslopewasassumedby theauthorsto havebeen a = 6.5 from
theexperimentalresultsofreference6. Thevaluesof eo, ~lY

. . . . . . .. .. . . .. _ —... ..— —--- -—.—------ .—. —— ————— ---..--— ,—— —- -..——— —.-— . .- ---
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and 62 wereevaluatedforthepoints
at ‘cl= O,0.5,and1.0,respectively,

NACATN2656

c% =0.0093,0.0105,andO.0170 -“
fromfi~e 19ofreference6.

Theexactsolutionsforthevariokparametersdifferfromthe
\

tabulatedapproximatesolutiohsby a negligibleamountfortheseheli-
copterflightconditions.

A considerationoftheresultspresentedintab,le6would
indicatethatmuchoftheremainingdiscrepancybetweenexperimental
andcalculatedbladeanglesandtorquecoefficientsmaybeduetothe
neglect,inthepresentcalculations,oftheeffectsoftherotorinduced
velocityontheliftanddragofthefuselage.

Itmaybe notedthatthelongitudinalcomponentoftheangle

()

Cxtan-l— betweentherotorresultantforceandthethrustcomponent
2%

normaltothetip-pathplaneisverysmallforallthesehelicopter
flightconditionsandthatthedirectionoftheresultantis inclined
forwardforthoseflightconditionswherethereisa netdownflowthrough
therotor.Theinclinationsofthetip-pathplaneto thehorizontal8X
and ey arealsosmallanglesand,consequently,formanyunaccelerated-
f~mt helicoptercalculationstherotorres@tantforcecanbe assumed
to~e perpen&cularto thetip-pathplaneandthe
grossweightwithoutintroducingseriouserrors.

CONCLUDINGDISCUSSION

. i

thrustequaltothe

Simplerelationsfortherotorbladeanglesandtheyaluesof CQ~
Cx,and Cy,derivedupontheassumptionofa triangulardistribution
ofblade-elementcirculationalongtheradiusanda sinusoidalvariation
withazwth angle-inconjunctionwitha linearvariationofprofile
dragwithlift,wouldappeartobe usefulforhelicopterandconverta-
planeperformanceestimationandthe’determinationoftheequilibrium
angleofattackandlateraltiltofthetip-pathplane.

Theblade-elementequations,basedupontherelation.that
cl=aSiIICLr=a(sinev cos~v + cos(3Vsin@v),andthe ‘nc ‘d
Uns functionsoftheblade-chordandblade-twistdistributionafford
a reasonablyexactandconcisetreatmentofthegeometry~d shouldbe
usefulforconvertaplaneaswellashelicoptercalculations.
.

.

.!

~——.. — ...—— ——— —— .
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TheuseoftheempiricalrelationC~ = CO + Cl Sill Ur + .5P COS Ur,

ratherthantheusualexpressionthat C~ = bo + blar+ 52ar”<,consid-
erablysimplifiestheequationsforthein-planeforcesandmomentsand
presentsa sufficientlyexactsolutionofthegeometryforhelicopter
calculations.

Forconvertaplanecalculations,theapproximationthat
c~ = c1sin~ + E2cos~ allowsan exacttreatmentofthe’geometry
andshouldbe a sufficientlyacc~ateefiressionfor C* at*helarger
advanceratioswheretheeffectsoftheprofiledragbecomeof less
relativeimportance.

Thelargersourcesoftheremainingerrorsintheblade-element
analysisprobablyhavethefollowingorderof importanceforcontemporary
helicopters:

(1)

(2)

(3)

/ (4)

Georgia

Theneglectoftheeffectsofblade-elementstall
therelationthat C2= a sin~

Theneglectoftheeffectsofblade

Theneglectoftheradialvariation
oftheinducedvelocity

flexibility

inthenormal

impliedin

component

Theneglectoftheeffectsofcompressibilityonthetip
sectionsoftheadvancingblade.

)

InstituteofTechnolo~
Atlanta,Ga.,May15,1951

.

.
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TABIE1

VALUESOF an FORBLADES

[
Interpolateforvaluesfor

=tip.~t=—- ; c=
co

WITHLII’iE4RTAPER

given t; ‘O = :;

1Co(l+ tx)

t ~lpo a2/%) a3/~o ~4/~o

xl = 0.15

0 0.8500 0.4888 0.3322 0.2499
-1 .3612 .1566 .0823 .0499

I -‘1 = 0.20

0’ 0.8000 0.4800 0.3307 0.2496
-1 .3200 .1493 .0811 .0497

.

‘=5=

-.

. ... . . .. .. . . . . . . e___ ._._. ___ ..__-----__-—___ —.. -- .-...— — ——— ——-. ....... .____
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TABLE2

VALUESOF an= FORBLADESWITHLINEARWWIR, LINE4R

TWIST,~ Xl = 0.15

[
Inter@_ate forvaluesforgiven t firstcmdthenfor~lues for

given el;referencestationfor A. at x = O; a. = ~;

t .=.1;
c. 1i=COII+tx);et=elx

u

‘1

(deg)

-:
-8
-12
-16
-20
-24
-28

ale/%

t

0.8500
J&&

.8427

.8371

.8299

.82IJ
08108

0.3612
.36KL
.3604
●3594
.3580
.3562
.3541
.3515

t o t=-1=

0.4888
.4882
.4864
.4833
.47gi
.4737
.4671
.4594

0.1566
.1565
.1561
.1555
.1346
.1536
.1522
.1507

a3cpo

=7=
0.3322
.3317
.3303
.3278
.3244
.3201
.3148
.3087

0.@23
.0822
.0820
.0816
.0810
.0803
.0794
.0784

u4c/%

t o t=-1=

0.2499
.2495
.2483-
.2462
.2434
.2398
.2354
.2303

0.0499
.0498
.0497
.0494
.0490
.0485
.0478
●0471

●

. . —

.

I
.- — —
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.

\

!cABIx3,
FORBLADESWITHLINEARTAPER,LIilM

TWIST,~ Xl = 0.15

VALUESOF an~

[
Interpolateforvalues

given referenceO1; .

forgivent firstandthenforvaluesfor

stationfor A. at x = O; cro= ~;

t=%ip ~—. ; Ic = co(l+tx); et = f31x .
co

a4s/aofa ‘o%poe
1

deg)

a2:

It=o t=-1 t=o t=-1to= t=-lt=o t=-1
.

0
-.0109
-.02L9
-.0327
-.0435
-.0531
-.0650
-.0756

0 0
-.0341
-.0681
-.1020
-.1356
-.1699
-.2017
-.23ko

o
-.0232
-.0463
-.0693
-.0920
-.1.145
-.1367
-.1585

0
-.0057
-.0115
-.0172
-.0229
-.0284
-.0341
-.0396

0
-.0174
-.0348
-.0521
-.0692
-.0860
-.1026
-.1189

0
-.0035
-.0070
-.0104
-.0138
-.0173
-.0206
-.0239

0
-.0139
-.0279
-.0417
-.0553
-.068!3
-.0820
-.0950

0
-.0023
-.0047
-.0070
-.0092
-.0115
-.0137
-.0159

-4
-8
-12
-16
-20
-24
.28

.-=3’=

‘

—. . ..-. .—. -.- —- ——-— —- -—— —- — —— — . ..-. ——.—— —.. — —-. - --- —-- - -—-—
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VALUESOF an= FORBLADESWITHLINEARTl@ER,HELICAL

TWIST,~ Xl = 6.20

rInterPlateforvaluesforgiven t firstandthenforvaluesof
L

given-eT;ref@r@ncestationfor . .

t = ‘tip ~—.

A; t;~t~i~luo = ~,

; C=co(l+tx); et”
c

‘T
(deg)

-:
-8
-12
-16
-20
-24
-28
-32

‘lc/”o

t=o

0.8000
.7906
.7654
.7305
.6907
.6M19
.6065
.5645
.5231

t=-1

0.3200
.3144
.3002
.2804
.2594
.2385
~.=84
.1994
.1815

t=o

o*4800
.4762
.4651
.4700
.4313
.4104
.3882
.3651
.3416

-b =-l

0.1493
.1474
.1419
.1351
.1270
.1185
.1100
.1016
.cF334

a3c/uo
t=o

0.3307
.3287
.3233
.3149
.3042
.2319
.2782
.2635
.2481

t = -1

0.0!310
.0803
.0782
.0751
.0714
.0674.
.0632
.0590
.0547

‘4t
t=o

0.2496
.2484
.2451
.2398
.2328
.2244
.2151
.2046
●1935

t = ‘-1

0.0497
.0493
.0483
.0468
.0448
.0427
.0404
.0379
.0354

“

.— ——— —-————— —-—- —- . ..-. .—.
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!rAHIJI5

VALUESOF an~ FORBLADESWITHLINEARTAEER,HELICAL

TWIST,AND Xl = 0.20

[
Interpolateforvaluesforgivent firstandthenforvaluesfor

given 8T;referencestationfor A. atbladetip; U.= ~;

‘tip ~ ~
t=—- ; = Co(l+ tx); Ot = tanco “~ ‘= ‘T].

7

@T Woo ‘2s/% ‘3s/ao ~4s/~o

;deg)t=() t. -1 t=o t = -1 t=o t=-1 t=o t=-1

o 0 0 0 0 0 0 0
-; -.U06 -.0553-.0553-.0220-.0333-.0103-.0230
-8

-.0056
-.2121-.1045-.1076-.0422-.0654-.0200-.0454-.011.0

-12 -.3005-.1452-.1553-.0596-.0957-.0s7 -.0669-.0160
-16 -.3761-.1780-.1981-.0744-.1237-.0364-.0872-●0205
-20 -.4405-.2044-.2365-.0872-.1494-.0431-.1062-.0245
-24 -.4956-.2256-.2701-.0972-.1728-.0490-.1239-.0281
-28 “-.5430-.2428~:y6; -.1060-.1941-.0540-.1401-.0313
-32 -.5838-.2570 -.1134-.2134-.0584-.1551-.0342

.

____ -.. . ..-—. .. .. ——-.. ——— — .._ .— ..—. —.- —.——— .—---- .--..— --
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for rchr+ub, bhdm-aimnk, comtur-t.mqm-mtor, and mgine aouru drag.

~ ialmt”mba=rbi.
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!cARLE7 .

&
h

o 0.40 -0.600.80 1.00 1.20 1.40 1.60 1.80 2.00

2.4Qao.960bo.740bo.%o 0.4810.4570.4330.4100.3900.3710.34
2.20%.14 ‘~.8a b.a .543 .509..476 .444 .418 .392 .369
2.00al.36 bl.07 b.& .630 .574 .526 .484 .450 .418 .389
1.80al.65 bl.J4 bl.o=j.767 .659 .X5 .53 .483 .445 .410
l.tia2.26 bl.81 bl.42 1.000 .769 .654 .3T7 .518 .472 .432
1.40%44 b2.G5 bl.77 1.2?0 .896 .727 .6Eq’.550 .496 .452
1.20%.24 %.88 bl.65 1.Z .976 .-@ .668 .582 .520 .470
l.coa2.01 bl.1’2bl.52 1.21 1.OUO .824 .698 .613 .539 .495
.80 al.m bl.a6 %.39 1.15 .984 .833 .71-3.6a_ .Y52 .494
.60 %.60 % .41 %.2’7 1.07 .947 .820 .7’12.625 .556 .500
.40 al.4* bl.~ bl.16 l.~ .&7 .792 .@ .619 .554 .500
.20 al.z bl.la bl.~ .924 .842 .756 .677..&% .547 .494
0 al.10 %.02 b.96

0 1.000 .961 .914 .854 .786 .71-5.648 .586 .533 .486
-.20 .905 .874 .833 .*7 .73 .673 .613 .564 .516 .474
-.40 .820 .796 .765 .724 .680 .632 .X4 .539 .47 .461
-.60 .744 .7s .699 .a .630 .592 .551 .513 .477 .443
-.& .677 .658 .640 .615 .586 .553 .520 .487 .453 .426
-1.00 .618 .605 .588 .569 .544 .517 ,~ .462 .435 .@
-1.20 .566 .556 .543 .526 .306 .484 .433 .413 .392
-1.40 .521. .512 .501 .488 .472 .453 :g .413 .394 .374
-1.60 .481 .473 .464 .454 .440 .426 .4d3 .391 .374 .3%
-1.80 .445 .439 .432 .424 .411 .399 .%5.

.414 .-
.3-D..356 .341

-2.00 .403 .395 .386 .376 .364 .352 .339 .326
-2.40 .362 .3% .355 .350 .342 .334 .327 ,:;;;.308 .%38
-2.80 .320 .38 .%6 .31J-.306 .301 .294 .280 .273
-3.20 .287 .284 .232 .280 .276 .272 .267 .262 .256 .250
-3.60 .259 .257 .S6 .54 .?51 .248
-4.00

.244 .240 .236 .231
.236 .235 .234 .233 .230 .227 .= .223 .221 .214

-5.00 .193 .192 .192 .191 .189 .187 .u36
-6.m

.$84 .182 .180
.162 .162 .162 .161 .160 .159

-8.00
.158 .157 .156 .155

.123 .123 .123 .Iz2 .122 .122 .121. .120 .1.20
.10.00 .100 .100 .100 .100 .099 .099 .0% % .c@ .097

a~erlmental.
?Estlmated. v

.
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TABLE7 - Concluded

r~2-V.UESOF ~ =Qz 3*2

.r

2
FORGIVENVALUESOF ~ = ~ - 3*2

CT CT
.,

ANDxz= Fvsti~2-3~2
-Concluded

OR CT

Az
h

2.40 2.80 3.20 3.60 4.00 5.00 6.00 8.00 10.00

2.40 0.3150.2850.2610.2390.2100.1840.1560.1200.097
2.20 .329 .-5 .267 .245 .224 .186 ..158 .121 .098
2.00 .344 .305 .275 .250 .228 .188 .159 .122 .@g
1.80 ●357 ‘.315 .282 .256 ;233 .191 .161 .122 .099
1.60 .370 ●325 .289 .260 .237 .192 .162 .1.23.099
1.40 .384 .333 ●a5 .265 .240 .195 .163 .124 .099
1.20 .395 .341 .301 .269 .243 .196 .1.64.124 .099
1.00 .404 .347 .306 .272 .246 .197 .165 .124 .100
.80 .413 ,352 .30:) .276 .248 .~98 .166 .m .100
.60 .415 .356 .311 .277 .249 .lgg .166 .13
.40

.100
.416

●357 .312 .278 .250 .200 .167 .1~ .100
.20 .414

●357 .312 .278 .30 .200 .167 .125 .100

3 .410 .354 .310 .278 .250 .200 .167 .la .100
-.20 .404 .350 ●309 .275 .248 .199 .166 .15 .100
-.40 ●395 .345 .305 .273 .247 .198 .166 .l= .100
-.60 .386 .339 .301 .270 .245 .197 .165 .125 .100
-.80 .374 .331 .296 .267 .242 .196 .165 .125 .100
1.OO ;;$ .323 .Zgo .262 .239 .194 .164 .124 .Ogg
1.20 .314 .284 .258 .235 .192 .163 .124 .099
1.40 ●337 ●305 .277 .252 .231 .190 .161 .123 .099
1.60 ●325 .296 .270 .247 .227 .188 .160 .122 .099
1.80 .312 .286 .263 .242 .223 .186 .158 .121 .098
2.00 .300 .277 .255 .236 .21-9.183 .157 .la .098
2.40 .278

●259 .241 .224 .2G9 .178 .153 .llg .097
2.80 .258 .242 .227 .213 .200 .172 .149 .117 .096
3.20 .239 .226 .214 .202 .191 .166 .145 .115 .095
3.60 .222 .~6 .201 .191 .182 .160 .141 .113 .094
4.00 .207 .198-.189 .181 .173 .154 .137 .111 .093
5.00 .17’5.170 .164 .159 .155 .139 .127 .105 .@g
5.00 .152 .148 .144 .140 .137 .126 .117 .034 .C85
3.00 .U8 .120 .SL5 .112 .111 .105 .033 .088 .078
3.00 .096 ●095 .094 .093 .092 .089 .085 .078 .070
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Figure2.- Forces on rotor. hub.
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—— c1 = 6.5u
c1 = 6.5sii a

~ c1 Fromtestdatafor
. NACA0015;effective

Reynoldsnumber,1,230,000

Angleofattack,Ctj deg

Figure3.-Comparisonofexpressionsfor cl.
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2.0

1.6

c’%

1.2

.8

.4

0

c~ = 0.8439- 0.0126sin a - 0.8349cos a

.04

m ‘

. .
—— c% = O.a.yn- 0.oo61_a+ 0,3752a2

c% – ~ Cd. From test data for NACA001sj
—

.02 eIYect in Ileynolas number, 1,230,000

OKI 1 J+-ld’ J—
o 10
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/ //
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Angle or at%ack, a, deg

Figure b, - Comparison or expressions for cd .
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